The adsorption of Fuchsin Basic (FB) on copper surfaces in citric acid solutions whose concentrations ranged from 0.001 to 0.1 M was investigated using gravimetric measurements. The concentrations of FB studied ranged from 1 × 10 -5 to 1 × 10 -1 M with adsorption experiments being conducted at temperatures from 298 K to 328 K. The adsorption mechanism is discussed in terms of the applicability of the conventional Frumkin, Bockris-Swinkels and Kastening-Holleck isotherms, amongst others. The best fit was obtained using the Frumkin isotherm model. A thermodynamic/kinetic model of adsorption was also fitted.
INTRODUCTION
Copper is widely used in many applications such as heat exchangers, condensers, heating and airconditioning systems, electricity, electronic circuitry and ornamental parts.
Organic acids, such as citric acid, have an advantage over mineral acids in being less corrosive, capable of forming metal complexes, and are safe, easy to handle and pose no health or ecological hazards. This type of medium is desirable for removing copper oxide (the surface discolouring formed on copper-based materials during exposure to the atmosphere) without attacking the copper substrate, since citric acid does not oxidise the copper surface Bastidas and Otero 1996a,b) .
The aim of the present study was to examine the adsorption of Fuchsin Basic (FB) on copper electrode surfaces in a citric acid solution, based on an analysis of the properties of the thermodynamic isotherms including the interaction term (f) parameter (Frumkin, Hill-de Boer and Parsons equations), the configurational term (c) parameter (Flory-Huggins, Dhar-Flory-Huggins and Bockris-Swinkels equations) , and both f and c parameters (Damaskin-Parsons and Kastening-Holleck equations). Special attention was paid to the objective function in the Frumkin adsorption model. The study was completed by fitting the experimental data to a thermodynamic/kinetic model.
EXPERIMENTAL
The commercial copper used in this study had the following chemical composition (wt%): 0.019 P; < 0.001 Fe; < 0.001 As; < 0.001 Mn; < 0.002 Sb; < 0.001 Al; 0.009 Sn; 0.003 Ni; 0.015 Pb; < 0.005 Ag; < 0.001 Bi; < 0.001 S; < 0.005 C; the balance being Cu. The copper was phosphorusdeoxidised and had a low residual phosphorus content (Type Cu-DLP, ISO/R Standard 1337).
Specimens, 5 cm × 5 cm, were cut mechanically from a sheet 1.0 mm in thickness. The calculated exposed specimen surface area was 50 cm 2 . The specimens were dry hand-polished with emery *Author to whom all correspondence should be addressed. E-mail: bastidas@cenim.csic.es. paper down to grade 600, degreased with acetone, rubbed with cotton wool soaked in ethanol, dried at room temperature, weighed to determine their initial mass and tested immediately.
Five citric acid concentrations (0.001, 0.005, 0.01, 0.05 and 0.1 M) were tested. Twelve concentrations of Fuchsin Basic (FB) or rosaniline chloride (C 20 H 19 N 3 HCl), i.e. 0.01, 0.05, 0.1, 0.5, 1, 2, 3, 4, 5, 10, 50 and 100 × 10 -3 M, were tested. Commercial citric acid and FB were used (Merck analytical grade chemicals). A known volume of the citric acid solution (500 ml) was tested in a glass vessel in the presence and absence of FB inhibitor. The temperature was maintained at 298, 308, 318 and 328 ± 1 K during the experiments by immersing the glass vessel in a thermostatically-controlled water bath. At the end of the experiments, each of 3 h duration, the mass loss of the specimen mass was determined after removal of the corrosion products in an undeaerated 10% H 2 SO 4 aqueous solution for 3 min at room temperature, in accordance with ASTM Standard G-1. An electronic analytical balance with a precision of ± 0.1 × 10 -3 g was used. All the experiments were performed in triplicate in a single cell, i.e. the gravimetric corrosion rate listed is the average value of three specimens studied under identical experimental conditions. The reproducibility of the experimental gravimetric results was higher than 95%.
RESULTS AND DISCUSSION
Comparison of experimental adsorption data (q exp and c exp ) and data predicted by a theoretical adsorption equation (q cal and C cal ) is frequently used as a criterion for assessing the validity of a theoretical expression in describing adsorption equilibrium, the quantity q being the degree of coverage of the copper surface by adsorbed FB inhibitor while c is the concentration of the FB inhibitor. The q value may be obtained from the expression: CR abs -CR pre q = ----------
(1) CR abs where CR abs and CR pre are the copper corrosion rates in the absence and presence of FB, respectively. The c cal value was obtained by evaluation of the theoretical isotherm for a given value of q exp utilising the values of k, f and/or the c parameters of the isotherm (see Table 1 ) (Langmuir 1918; Frumkin 1925; Hill 1952; de Boer 1953; Parsons 1964; Damaskin et al. 1971; Kastening and Holleck 1965; Bockris and Swinkels 1964; El-Awady et al. 1992) . The quantity k is the equilibrium constant of the adsorption reaction:
and may be written as k = (1/55.5)[exp(-DG 0 ads /RT)]; Cu(FB) ads is a reaction intermediate; the quantity 55.5 is the water concentration in the solution expressed in mol/l; R is the gas constant [8.314 J/(K mol)]; T is the absolute temperature; DG 0 ads is the adsorption energy; f is the interaction term parameter (f > 0 corresponds to lateral attraction between the adsorbed organic molecules while f < 0 corresponds to repulsion between the adsorbed molecules); and c (the configurational term parameter) is the number of water molecules replaced by one molecule of FB:
where FB aqu is the FB inhibitor in the aqueous phase and cH 2 O ads is the number of water molecules adsorbed on the copper surface. Finally, in Table 1 , y is defined as a thermodynamic/kinetic model (from a mechanistic kinetic point of view) and represents the number of inhibitor molecules occupying a given active site. Values of 1/y greater than unity imply the formation of multilayers of the inhibitor on the metal surface. Values of 1/y less than unity, however, mean that a given inhibitor will occupy more than one active site. Finally, when 1/y is close to unity, this means that the adsorbed area occupied by the water and the FB are in the ratio of 1:1 (Khamis et al. 1995) . The best fit for a given theoretical isotherm is obtained when there is minimal difference between the experimental and calculated values. The expression used to optimise this difference is the objective function (F):
where the i subscript represents one value in a set of p concentrations of the FB inhibitor (1 £ i £ p), and w i denotes the weight associated with the i-th experimental value.
The next step is to choose values of the adequate parameters k, f and/or c to ensure that equation (4) has the minimum value. If the Frumkin isotherm is considered as an example, then equation (4) may be written as:
The minimum value of equation (5) is determined by setting the partial derivatives ¶F/ ¶f and ¶F/ ¶k equal to zero and solving these equations for f and k. When the partial derivatives are set equal to zero and simplified, the normal resulting equations are:
Because equations (6) and (7) are non-linear in the parameters f and k which are to be determined, the fitting of such models requires an iterative approach which may either fail to converge or converge to a local minimum. The iteration involved requires good starting values for f and k. If two or more different initial parameter value sets converge to the same final parameter set, it is reasonable to assume that the least-squares solution has been obtained. The weights appearing in equation (4), which are all unity in the 'unweighted' or unity-weighted situation, should ideally be defined by the inverse variance of the individual measurements (Macdonald and Garber 1977) .
Fitting was carried out using the Levenberg-Marquardt (LM) algorithm to minimise F, combined with a complex non-linear least-squares (CNLS) program. The LM algorithm is robust, converges in many situations, is fast in computing time, and is a compromise between the Gauss-Newton method and the steepest descent method (Macdonald and Potter 1987) . The minimum value attained by the unweighted F for copper in 0.001 M citric acid was 0.008 using the Frumkin equation; 0.032 to 26 380 for c from 2 to 5 using the Damasking-Parsons equation; and 0.029 to 3660 for c from 2 to 5 using the Kastening-Holleck equation. This indicates a poor fit for the latter two equations.
To study the adsorption of FB on copper electrode surfaces, the properties of the isotherm equations from Table 1, i.e. the shape, the trend of the slopes along the curve and the existence of inflection points, were analysed as those characteristics differentiating one adsorption equation from another.
The Langmuir slope, ln(10)(1 -q)q (see Table 1 ), indicates that the slope acquires a constant value for a given value of q regardless of the value of k. The term (1 -q)q is a parabolic function with a maximum at q = 0.50. Thus, the criterion for identifying Langmuirian behaviour in a q versus log(c) plot lies in the characteristic slopes of the curves. slope of the Langmuir equation (see Table 1 ). Thus, when the Langmuir equation is compared to the Frumkin equation, the slope is modified by a constant value f. This effect is shown graphically in the inset to Figure 1 value of f. This shift can be positive (rising) for f < 0 or negative (falling) for f > 0 (see inset to Figure 1 ). This property is not exclusive to the Frumkin equation and can be extended to any adsorption isotherm which includes the exp(-fq) term, e.g. Hill-de Boer, Parsons, Damaskin-Parsons and Kastening-Holleck equations (see Table 1 ).
The two parameters (k and f) in the Hill-de Boer and Parsons equations are similar to the Frumkin equation. They produce S-curves with distinctive inflection points (q ip ) at 0.33 for the Hill-de Boer equation and at 0.21 for the Parsons equations [see Figure 2(a) ]. This feature can be appreciated from their derivatives (see Table 1 ). Figure 2(b) shows d log(c)/dq as a function of q using the Frumkin, Hill-de Boer and Parsons equations. The minima correspond to the q ip of the slope (in a q versus inhibitor concentration plot), which is characteristic for each equation and independent of the k and f parameters. Finally, the Hill-de Boer and Parsons equations are depressed curves, the slopes of the isotherms being sensitive to f changes for q ~ q ip . Figures 3 and 4 show plots of q versus the FB concentration for copper immersed in 0.001 M citric acid at 298 K using the Damaskin-Parsons and Kastening-Holleck equations, respectively. As can be seen, a poor fit was obtained between the experimental and simulated data except for c = 1, where the Damaskin-Parsons and Kastening-Holleck equations coincide with the Frumkin Table 1 ). Adsorption equations that contain the c parameter have the overall effect of depressing an adsorption curve. This is shown for the Damaskin-Parsons equation in the inset to Figure 3 and for the Kastening-Holleck equation in the inset to Figure 4 . Due to the similarities between the Kastening-Holleck and the Bockris-Swinkels equations, the latter follows a similar pattern to the inset in Figure 4 . In fact, the slope of the Bockris-Swinkels equation corresponds to a particular case, i.e. f = 0 in the Kastening-Holleck equation (see Table 1 ).
equation (see
The derivative of the Damaskin-Parsons equation is identical to the Frumkin slope, apart from the term (c -1)/(1 -q) (see Table 1 ). The contribution of this term increases for increasing values of q and is responsible for the overall depression of the adsorption equation curve, as exemplified in Figure 5 .
The derivative of the Kastening-Holleck equation is identical to the Damaskin-Parsons slope, apart from the term -(c -1) 2 /c(1 -q + q/c) -1 (see Table 1 ). The latter term is the least important and affects the low coverage region. The minimum of the slope values in Figure 5 serves as a criterion for distinguishing between species that adsorb according to the c-parameter and those that adsorb according to the Frumkin and Langmuir equations, which present a constant q ip at ~0.50. The derivatives of the Flory-Huggins and Dhar-Flory-Huggins equations are identical to the derivative of the Damaskin-Parsons equation, apart from the term f (see Table 1 ).
From the preceding discussion, it may be concluded that the Frumkin equation best described the adsorption of FB compound on copper electrode surfaces. The following discussion is now centred on results using the Frumkin isotherm. Figure 6 shows plots of q versus FB concentration for copper immersed in 0.001, 0.005, 0.01, 0.05 and 0.1 M citric acid solutions and at 298, 308, 318 and 328 K using the Frumkin equation. All the curves in Figure 6 show an S-shape, as predicted by the Frumkin equation, defining three regions on the isotherm plot: (i) at low inhibitor concentrations, an increase in the inhibitor concentration did not produce an increase in q; (ii) at intermediate inhibitor concentrations, a small increase in the inhibitor concentration caused a high q [a linear dependence of q versus log(c)]; and (iii) at high inhibitor concentrations, q was independent of the inhibitor concentration. Table 2 includes values of the f, DG 0 ads and k parameters as deduced from Figure 6 . The values of f were positive, indicating a weak attraction between the adsorbed molecules. The large negative values of DG 0 ads indicated that the reaction proceeded spontaneously for the FB compound and was accompanied by highly efficient adsorption. The high value of parameter k produced electrical interaction between the double layer existing at the phase boundary and the adsorbing molecules of the FB compound. A positive value of f has been associated with a vertical orientation of the inhibitor molecule on an electrode surface (Damborenea et al. 1997) .
The El-Awady-Abd-El-Nabey-Aziz slope, d log(c)/dq = 1/y ln(10)[1(1 -q)q], (see Table 1 ), assumes a constant value for a given value of q regardless of the value of k like the Langmuir isotherm. It is possible to demonstrate that for an intermediate coverage q = 0.5, the dq/d log(c) slope for this thermodynamic/kinetic model is equal to 0.58y. Figure 7 shows plots of q versus FB concentration for copper immersed in 0.001, 0.005, 0.01, 0.05 and 0.1 M citric acid solutions and at 298, 308, 318 and 328 K using the thermodynamic/ kinetic model equation. Table 3 includes the values of the 1/y, DG 0 ads and k parameters derived from Figure 7 . It was found that the description of the experimental data provided by the thermodynamic/kinetic model was unsatisfactory. In general, the value of the 1/y parameter was close to unity and, as indicated above, this means that the adsorbed area occupied by the water molecule and the FB compound were in the ratio of 1:1. Finally, the relationship between the k and DG 0 ads parameters listed in Table 3 is in line with that discussed above for the Frumkin isotherm (Table 2) .
CONCLUSIONS
An increase in inhibitor efficiency was observed as a function of increasing Fuchsin Basic concentration. The inhibition mechanism of Fuchsin Basic on copper electrode surfaces in a citric acid solution seemed to be that of selective adsorption at active points. Fuchsin Basic was adsorbed chemically on the copper surface according to the Frumkin isotherm, with one Fuchsin Basic molecule replacing one molecule of water. The inhibition mechanism of Fuchsin Basic on copper in citric acid solution was in agreement with the thermodynamic/kinetic model suggesting that, in general, one molecule of Fuchsin Basic occupied more than one active site.
